Since cellulose and hemicelluloses along with lignin are the main components of biomass, fast pyrolysis of wood yields a complex mixture of products, among which sugars and anhydrosugars are one of the most abundant and valuable components. Because of the presence of high molecular compounds, this sugar mixture of pyrolysis products has proven to be difficult to analyze. In this study, research has been done to improve the characterization of pyrolysis liquids by sample separation on an ion exchange resin. In order to characterize the pyrolysis liquids, an iodometric titration method is used to determine sugar and anhydrosugar content in the pyrolysis liquids with and without sample separation on an ion exchange column.
INTRODUCTION
With the wasting of fossil resources it is necessary to find new sustainable means for the produc tion of fuels, materials, and chemicals. Wood -one of the most typical examples of biomass -can be processed by hydrolysis or pyrolysis to obtain a vast array of chemical compounds, such as acetic acid [1] , methanol [2] , various sugars [3] , etc. This work is focused on anhydrosugars, mainly 1,6-anhydro-β-D-glucopyranose (AGP) and 1,6-anhydro-β-D-glucofuranose (AGF), which are the products of fast pyrolysis of wood.
The three main constituents of wood are lignin, cellulose and hemicelluloses, and the total products of wood pyrolysis consist of the pyrolysis products of each of the separate constituents. Pyrolysis is the thermal processing of wood in the absence of molecular oxygen, and according to the pyrolysis conditions there are different types of pyrolysis. Fast pyrolysis is characterized by a rapid increase of temperature, and also a short hot vapor residence time in the reactor. Fast pyrolysis has a characteristically high yield of liquid products -about 75%, 12% gaseous products and 13% solids or char [4] . The single chemical with the highest yield in pyrolysis liquids is AGP, also known as levoglucosan [5] , however, there are also smaller amounts of some other cellulose-derived anhydrosugars present in pyrolysis liquids, such as AGF, cellobiosan, and 1,4:3,6-dianhydro-α-D-glucopyranose [6] .
AGF and, especially, AGP have potential uses in the production of polymers, drugs and surfactants [7] [8] , however, up till now a perfect method for the separation, purification, and determination of the compounds in pyrolysis liquids has not been developed [4] .
The presence of AGF can influence the results of the determination of AGP using instrumental as well as classical analytical methods. In this study an iodometric titration method is used to determine anhydrosugars in the presence of other sugars. The method is based on the periodate oxidation of carbohydrates. Monosaccharides such as glucose react with 5 moles of sodium periodate [9] , AGP reacts with 2 moles of periodate [10] , and, conclusively, AGF reacts with 1 mole of periodate (Fig. 1) . The difference between the monosaccharide and anhydrosaccharide stoichiometry allows one to calculate [11] the amount of sugars and AGP or AGF in a sample, if it has been oxidized and titrated both before and after hydrolysis, because anhydrosaccharides are hydrolyzed to the respective monosaccharides by acid hydrolysis at increased temperatures [12] .
The iodometric method is fast and easy to perform for routine analysis of AGP and the total sugars, however, the presence of AGF can lead to an inaccurate AGP result, so column chromatography has been used to fractionate the samples of pyrolysis liquids before titration. To perform chromatographic separation of pyrolysis liquids, a weakly acidic cation (WAC) exchange resin was used as the stationary phase and a water / ethanol mixture as the mobile phase [13] . Ion exchange resins belong to the solid organic exchangers. WAC exchange resins have a polyacrylic matrix activated with carboxylic groups [14] . The separation of pyrolysis liquids on an ion exchange column can be influenced by a combination of various retention mechanisms, such as size exclusion, ligand exchange, hydrophobic-hydrophilic interactions, etc. [15] .
METHODOLOGY

Materials and equipment
All chemicals (analytical grade) were purchased from Sigma-Aldrich and used without further purification. Finex weakly acidic cation ex change resin in the Na + form CA16GC was used for column chromatography. A Shimadzu gas chromatograph / mass spectrometer GC/ MS-QP 2010 with a capillary column RTX-1701 (60 m × 0.25 mm × 0.25 µm film) was used for the separation of anhydrosugars.
Chromatographic separation
A glass column (60 × 2 cm) was filled with a suspension of the resin in a mixture of water and ethanol (4:1). About 1 g of the pyrolysis liquid sample was dissolved in 10 mL of deionized water and filtered through a Whatman 95 filter paper. The filtrate was carried onto the column and separated into fractions. The experiments were performed at room temperature (21 ± 2 °C), the flow rate was about 1 ml/min.
Iodometric titration
Two 3 mL aliquots were taken from each sample into 25 mL volumetric flasks. One of these was hydrolyzed for 90 min at 120 °C in the pre sence of diluted sulfuric acid (7.5%). Then both the hydrolyzed and non-hydrolyzed samples were diluted up to 25 mL with deionized water and 3 mL of these solutions were oxidized with 1 mL of 2 M sodium periodate for 4 h at 40 °C pH 1. The excess of periodate was masked with 5 mL of 10% ammonium molybdate solution. After 15 min 1 mL of glacial acetic acid and 1 mL of 10% potassium iodide were added. The samples were titrated with 0.1 M sodium thiosulfate after 15 min, using starch as an indicator. Since AGP and AGF have different reaction stoichiometries with periodate, different equations are to be used to calculate the amount of AGP and AGF: , , where n is the amount of AGP or AGF, c is the molar concentration of sodium thiosulfate, V is the volume of sodium thiosulfate.
GC/MS analysis
To identify specific anhydrosugars, GC/MS was used with an ion source 250 °C with electrospray ionization at 70 eV. The injector temperature was 250 °C and the carrier gas was helium at the flow rate 1 mL/min. The oven program was 1 min isothermal at 60 °C, then 6 °/min up to 270 °C and finally 10 min at 270 °C. The MS scan range was 15-350. Library MS NIST 147.LI13 was used for compound identification.
RESULTS AND DISCUSSION
First, a mixture of standard D-glucose and AGP was separated on a WAC exchange column. Afterwards, four samples of pyrolysis liquids were fractionated and analyzed.
Chromatographic separation of an artificial mixture of D-glucose and AGP
A mixture of standard AGP and D-glucose was separated on a WAC exchange resin column in the Na + form. The flow rate of the eluent was 0.61 ± 0.07 mL/min. Figure 2 shows the chromatogram of the standard substances.
The retention times of standard glucose and AGP were 250 min and 300 min, respectively. The dead time was 80 min. The retention coefficient for glucose was 2.1 and for levoglucosan 2.8. The selectivity coefficient of these two substances was 1.3 and the resolution was 0.65, which is acceptable for preparative chromatography, but in this case the chromatograms can be used for semi-quantitative characterization of pyrolysis liquids.
Chromatographic separation and analysis of pyrolysis liquid samples
Four real pyrolysis liquid samples were analysed before the chromatographic separation, the results are summarized in Table 1 . Figure 3 shows the chromatograms of the four pyrolysis liquid samples. The flow rates of the separations were 1.2 ± 0.2 mL/min for sample 1, sample 2, sample 3, and 0.85 ± 0.04 mL/min for sample 4.
All four chromatograms show that most sugars are not strongly retained on the column, this means that these sugars are disaccharides or oligosaccharides and that their retention time is determined mostly by size exclusion. Negative sugar values are observed in the sample 1 and sample 2 chromatograms (80-100 min), which can be explained by the presence of AGF, which reacts with only 1 mole of sodium perio date, giv ing an increased anhydrosugar and de creased sugar result of iodometric titration, if the results are calculated as the amount of AGP. The presence of AGF in the earlier frac tion was confirmed by GC/MS analysis. Figure 4 shows a comparison of the mass spectra of the AGF found in the sample and the mass spectra from the data base. Cellobiosan is believed to be present in the first fractions of pyrolysis liquid samples, for example, at 70-80 min of sample 1, because here again size exclusion mechanisms are at work. There is a certain correlation between the sugar / anhydrosugar proportion determined in the samples by the iodometric method before and after sample separation on the ion exchange column. Furthermore, the levoglucosan fraction of the anhydrosugars can be calculated, as shown in Table 2 . Although the four samples have different water content and the proportion of sugars and anhydrosugars, the AGP mass fraction of total anhydrosugars is rather similar in all samples -ranging from 67 to 78%, but the mass fraction of AGF is less than 10%.
CONCLUSIONS
Generally, the iodometric determination of anhydrosugars in fast pyrolysis liquids is a fast and easy method, but sample separation on a WAC exchange column before iodometric titration benefits the characterization of sugar, anhydrosugar and their oligomer content in the sample. The chromatograms of pyrolysis liquid samples depict the proportion of AGP and other anhydrosugars or the total anhydrosugars. Для характеристики пи ро лизных жид кос тей ис-поль зовался метод йодо мет ри чес кого тит ро ва ния с целью опре де ле ния со дер жания са ха ров и ан гид-ро са ха ров в пи ро лиз ных жид кос тях, с и без раз де-ления образ цов на ионо об мен ной колонне.
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